The distribution function of ion energy parallel to the magnetic field 
INTRODUCTION
Previous investigations of a modified Penning discharge by Roth (1966) revealed ions with approximately Maxwellian velocity distributions and kilovolt kinetic temperatures. The diagnostic instrument used to measure the energy distribution of ions parallel to the magnetic field lines was a retarding potential analyzer located outside one of the magnetic mirrors.
The data reduction procedures and experimental results from an extensive series of measurements with the retarding potential energy analyzer were reported by Roth and Clark (1969) .
In view of the possible application of the modified Penning discharge to a steady-state plasma heating scheme for fusion research, it is desirable to independently confirm the high ion kinetic temperatures and Maxwellian velocity distribution observed in the ions lost along the magnetic field lines. The present investigation reports a comparison in which the parallel and perpendicular ion energy distribution functions were simultaneously measured for 163 experimental runs taken under a range of operating conditions. Such simultaneous measurements have not been reported in the literature of Penning discharges, although Konstantinov et al. (1972) have measured the energy of charge-exchange neutrals from the midplane of a modified Penning discharge. In the present investigation, a charge-exchange neutral detector is used to measure the perpendicular ion energy, while simultaneous observations of the parallel ion energy are made with the retarding potential energy analyzer.
Characteristics of Modified Penning Discharge
The operating characteristics of the discharge have been described by Roth (1966 Roth ( , 1971 ); a detailed description of the superconducting mag- 3 net facility in which the discharge is operated is described by Roth et al. (1965) ; and some of the physical processes responsible for ion heating are discussed by Roth (1972) . An isometric cutaway drawing of the experimental configuration is shown in Figure 1 . The plasma is approximately 15 cnrin diameter at the midplane. The magnetic field consists of a magnetic mirror with a 2.62:1 mirror ratio generated by two superconducting coils, the dewars of which are approximately 18 cm in diameter at the magnetic mirror throats. The magnet system shown in The experimental investigation consists of 163 runs taken with deuterium gas. The maximum value of the magnetic field was 1 tesla at the magnetic mirror throats and 0. 38 tesla at the midplane, in the vicinity of the anode rings. From previous measurements taken with a Langmuir probe at the throat of the mirror (Roth 1972) , the electron temperature is known to be approximately 50 eV, within a factor of 2, in this plasma. This is as much as an order of magnitude below the ion temperature at the same operating conditions. Any atomic deuterium generated in the plasma volume has ample opportunity to recombine on the walls before it can return to the experimental volume, as a result of the long mean 4 free paths for binary collision processes. Because of the rather large vacuum tank wall area and the cold liquid nitrogen surfaces on either side of the plasma volume, it is unlikely that a significant population of atomic deuterium can exist in the plasma. For this reason it was assumed that the neutral background gas consisted of molecular deuterium gas. The principal ionized species within the plasma was taken to be 3.9x10 to 12.0x10 torr, where the neutral deuterium pressure has been corrected for the gage factor of this apparatus. It is estimated from previous work (Roth, 1972 ) that the ion density at the midplane of 9 10 the modified Penning discharge ranged from approximately 10 to 6x10 particles per cubic centimeter in this investigation.
Diagnostic Instruments
The ion energy distribution function was measured by two nonperturbing diagnostic techniques, one parallel to the magnetic field lines, and the other perpendicular to the magnetic field lines. In Figure 2 are passed through a second series of slits and impinge on a photomultiplier detector, which counts individual particles. 7 The particle flux at the photo multiplier is only indirectly related to the ion distribution function inside the confined plasma. To obtain the original ion distribution function, one must correct for the charge exchange process of atomic deuterium ions on molecular deuterium,
ne must also correct for the reionization cross-section in the nitrogen gas cell, and for the energy resolution of the electrostatic analyzer.
The flux I(V) of individual particles reaching the photomultiplier may be
where V is the ion energy in electron volts, C is a geometrical and
is the reionization probability of atomic deuterium in a nitrogen gas cell and is given by Barnett, et al. (1964) , G 0 (V) is a correction for the 3, energy resolution of the analyzer, and results from the fact that the relative energy resolution, dV/V, is independent of energy. Thus, the energy resolution involves correction by a factor
The factor n.n a (V)v. is the number of charge exchange reactions/ 1 O X 1 3 cm -sec in the volume sampled by the analyzer, n. and n are the ion and neutral number density, respectively, and v i is the deuterium ion velocity. The charge exchange cross section <r (V) is available in 8 Barnett, et al. (1964) , and is known from 70 eV < V < 200 keV. The correction factor k(V) for the nitrogen gas cell is known for energies over the range 2 < V ^ 100 keV, and is
over this range Valckx (1964) , Barnett et al. (1964) .
One may convert the raw data for I(V) to the distribution function of ion energy in the plasma, f(V) by using Eqs. (1) to (3) to obtain
where C« is a constant for the apparatus. The ion energy distribution function obtained from Eq. (4) was used as input to a computer program which obtained a Maxwellian distribution with a least squares best fit to the experimentally determined ion energy distribution f(V). Because the correction factor, k(V), was not known for nitrogen gas below 2 kV, raw data below 2 kV were not utilized in obtaining the best fitting In Figure 4 is a second example of the perpendicular and parallel ion energy spectra, under conditions which yielded kinetic temperatures 
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The agreement of Vj^ with Vy, and the degree of data spread may be estimated by fitting the data in Figure 5 to the relation and obtaining the median and relative standard deviation of C«. In Figure 6 , the cumulative probability of Cn for 163 runs is plotted on probability graph paper. The author's best estimate of the Gaussian distribution to the data is indicated by the straight line. The median value of Cn, C^, is the intersection of the the best-fitting straight line with the 50 percent line.
92=1.04 (6) which implies that the perpendicular energy is slightly higher than the Tokamak at number densities below 10 particles/cm .
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A second anomalous departure from the Maxwellian distribution was observed in approximately a dozen cases, at higher neutral gas pressures.
Thig departure is illustrated in Figure 8 and shows an ion energy distribution function with a bump on the Maxwellian tail at an energy which roughly corresponds to the voltage applied to the anode ring. Such a distribution function may be due to physical processes in the weak plasma penumbra which surrounds the modified Penning discharge.
DISCUSSION AND CONCLUSIONS
The present investigation has demonstrated generally good agreement between the parallel and perpendicular kinetic temperatures observed with non-perturbing diagnostics in a modified Penning discharge.
These observations provide an independent confirmation of the results reported by Roth and Clark (1969) , in which a sophisticated data reduction procedure was applied to raw data obtained from the modified
Penning discharge with a retarding potential energy analyzer. The 
